Abstract: Despite treatment with combination antiretroviral therapy (cART), cognitive impairment is still observed in perinatally HIVinfected children. We aimed to evaluate potential underlying cerebral injury by comparing neurometabolite levels between perinatally HIVinfected children and healthy controls. This cross-sectional study evaluated neurometabolites, as measured by Magnetic Resonance Spectroscopy (MRS), in perinatally HIV-infected children stable on cART (n ¼ 26) and healthy controls (n ¼ 36).
INTRODUCTION

W
ith the introduction of combination antiretroviral therapy (cART), the incidence of HIV-encephalopathy in perinatally HIV-infected children declined profoundly. 1 However, milder cognitive impairments remain widely prevalent in this patient group, and HIV-related cerebral injury may underlie these impairments. 2 Magnetic resonance spectroscopy (MRS) has been suggested as a valuable tool to assess neurocognitive functioning through measuring brain metabolite levels. 3 Neurometabolite levels have been widely studied in cART-treated HIVinfected adults [4] [5] [6] and in children with HIV-encephalopathy. 7 Yet findings from small studies in cART-treated, HIV-infected children with milder cognitive impairment are inconsistent. Whereas cerebral levels of N-acetyl aspartate (NAA) and glutamate (Glu)-presumed to reflect neuronal integrity-were comparable between HIV-infected and healthy children, [8] [9] [10] glial proliferation markers myo-inositol (mI) and choline (Cho) have been reported as both increased or decreased in specific cerebral regions. [11] [12] [13] Increased cerebrospinal fluid (CSF) levels of neurodegeneration markers total Tau (tTau) and neurofilament proteins have been associated with cognitive impairment, 14, 15 and recent evidence suggests cognitive deficits are associated with decreased cerebral NAA:Cre and Glu:Cre ratios in HIVinfected adults. 16, 17 It remains unknown whether these biomarkers are related to cognitive outcomes in HIV-infected children.
In this study we aimed to assess neuronal integrity and glial markers in a cohort of perinatally HIV-infected children that were stable on cART, as compared to matched healthy controls. As we previously detected poorer cognitive functioning and structural cerebral injury in these HIV-infected children, 18, 19 we expected that neurometabolite levels in this group differ from those in matched healthy controls and will be associated with HIV-related characteristics, cognitive functioning and neurodegenerative markers.
METHODS
Participants
Study participants were included from the NOVICE cohort, which evaluated neurological, cognitive and visual performance in perinatally HIV-infected children as compared to healthy controls. Perinatally HIV-infected children between 8 and 18 years of age, were recruited via the outpatient clinic of the Emma Children's Hospital in Amsterdam, and healthy children from the community, group-wise matched for gender, age, ethnicity and SES as previously described. 18 Participants were excluded if they had non-HIV related chronic neurological diseases, seizure disorders, intracerebral neoplasms or psychiatric disorders. The ethics committee of the Academic Medical Center in Amsterdam approved the study protocol. Written informed consent was obtained from participants' parents, as well as from children above 12 years of age.
HIV Disease and Treatment Characteristics
HIV and cART assessments were obtained as previously described. 18 Historical HIV viral loads (VL), CD4þ T-cell counts, Centers for Disease Control and Prevention (CDC) clinical staging and cART treatment history were derived from the Dutch HIV Monitoring Foundation database. CD4þ T-cell counts were transformed into Z-scores to correct for age and gender related differences. The nadir CD4þ T-cell Z-score was determined by the lowest Z-score before cART or up to 3 months after cART initiation. Additionally, for each participant, the duration living with a detectable VL (years) and with CD4þ T-cell counts below 500 Â 10 6 /L (months) were calculated.
MRS
Chemical Shift Imaging (CSI) H þ -MRS was performed on a 3.0 Tesla (3T) MRI scanner at the Academic Medical Center (Intera, Philips Healthcare, Best, the Netherlands), equipped with a 16-channel phased array head coil. Structural 3D echo gradient T1 with multiplanar reconstruction was conducted as previously reported. 19 MR spectra were acquired from 1 axial T1 slice positioned directly above the corpus callosum. Water was suppressed by applying 3 chemical shift-selective excitation pulses, using a Point Resolved Spectroscopy sequence (TE/TR ¼ 37/2000 milliseconds). Using the advantage of CSI to cover large brain areas while accounting for varying metabolite levels across brain regions, 20 we selected total grey matter (GM) and total white matter (WM) within our slice as volumes of interest (VOI). The segmentation of GM and WM was performed using a T1-weighted scan. Figure 1 illustrates the acquisition and analysis workflow. LC Model (Stephen Provencher, Oakville, Canada) was used for the quantification of the metabolite spectra. 21 LC Model validated the concentration of each metabolite, adjusted the phase and ppm shift of the spectra, estimated the baseline and performed eddy current correction. Peak registration in LC Model used the most prominent peaks of NAA, Cho, and Cre for initial referencing. Spectra were generated for 33 neurometabolites. We excluded spectra with poor signal-to-noise ratios, a disproportionate water signal or other significant artifacts. Based on previous literature, we selected NAA, Glu, mI, Cho, and Cre as neurometabolites of interest, which were all good quality spectra
KEY FINDINGS
HIV-infected children had higher white matter levels of Cho:Cre as compared to healthy controls.
Lower nadir CD4 T-cell Z-scores were associated with lower levels of neuronal metabolites NAA:Cre and Glu:Cre, and a history of CDC stage C was associated with higher levels of glial metabolites mI:Cre and Cho:Cre.
Higher Cho:Cre was associated with poorer cognitive performance in HIV-infected children, whereas in healthy controls, higher neuronal metabolite levels were associated with better cognitive performance.
Neurometabolites were not associated with neuronal damage markers in blood or CSF.
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Medicine Volume 95, Number 12, March 2016 (SD < 20%). As spectral peak areas were not directly proportional to metabolite concentrations, metabolite levels were measured as a ratio over Cre, a commonly used, relatively stable marker for energy potential in brain tissue. 22 Measuring metabolites as ratios to Cre enabled correction for differences between imaging and localization methods, as well as different contributions of CSF to the VOIs.
Neuropsychological Assessment
A single neuropsychologist (JAtS) performed all neuropsychological assessments (NPA) as described in detail before. 18 We evaluated various cognitive domains including (i) intelligence; (ii) processing speed; (iii) attention/working memory; (iv) visual-motor function; (v) memory; (vi) executive functioning. As processing speed and memory were measured by multiple subtests, results were combined into a mean variable per domain for further analyses.
CSF and Blood Markers
Blood samples for all participants were obtained using venipuncture. In a subset of HIV-infected children for whom a lumbar puncture was relevant as part of patient care, CSF was collected. Samples were centrifuged within 2 hours at 1700Â g for 10 minutes and the supernatant was transferred into a polypropylene tube (Sarstedt, Numbrecht, Germany) and stored at À80-C until biomarker analysis. Neurofilament light (NfL) in serum was analyzed by a highly sensitive electrochemiluminescence-based immunoassay (Meso Scale Discovery, MD). 23 NfL in CSF was measured by an enzyme-linked immunosorbent assay (Uman Diagnostics, Umeå, Sweden). Neurofilament heavy (NfH) in CSF was analyzed by an in-house developed Luminex assay. 24 CSF tTau was analyzed using the Innotest (Fujirebio, Gent, Belgium). 25 
Statistical Analysis
Data analysis was conducted using Stata Statistical Software, Version 13 (StataCorp, College Station, TX). We compared demographic characteristics and serum NfL levels between cases and controls using Mann-Whitney U tests for continuous data and X 2 tests for categorical data. With linear regression analyses, we compared neurometabolite ratios between groups, and evaluated associations between the different types of neurometabolites, and between neurometabolites and HIV parameters, cognitive functioning, and neuronal damage markers. We adjusted all regression analyses for age, as age has been shown to exert an effect on brain metabolite levels. 26 The analysis evaluating associations between different types of neurometabolites included all study participants and was therefore additionally adjusted for HIV status. Associations with HIV parameters were further assessed in a multivariable model, including only variables with a P value <0.20 in the ageadjusted regression analysis. Variables that were not normally distributed were transformed by base-10 log (zenith VL, serum NfL) or square root (duration of detectable VL) before regression analysis.
RESULTS
Participants
A total of 72 participants were included, consisting of 35 HIV-infected children and 37 controls. A detailed demographic table of this cohort has been published previously. 18 We were able to obtain good quality spectra (SD < 20%) in 26 HIVinfected children (74%) and 36 healthy controls (97%). Four HIV-infected children were excluded from MRI scanning due to dental braces and claustrophobia. Five HIV-infected and 1 healthy participants were excluded because the acquired spectra were of insufficient quality (SD > 20%). The MRS inclusion ratio differed significantly between HIV-infected and healthy children (P-value ¼ 0.003), but demographic, clinical or HIVrelated characteristics did not differ between included and excluded children (data not shown). Demographic and clinical characteristics of the included children are summarized in Table 1 . Children were matched for gender, age, and ethnicity. HIV-infected children had a lower IQ score (P value ¼ 0.004). Also, HIV-infected children showed a slightly lower parental educational level (P value ¼ 0.042) as compared to healthy controls, which may influence cognitive functioning. However, when adjusting for this factor, the IQ of HIV-infected children was still significantly lower than that of healthy controls (coefficient: À8.8; P value ¼ 0.024). At time of inclusion, 22 HIV-infected children (85%) were using cART with undetectable HIV VL; of the remaining children, 3 were previously on cART and 1 was cART-naive. Seven HIV-infected children (27%) had a CDC stage C diagnosis, 3 of which had cerebral HIV involvement (i.e., 2 had a clinical diagnosis of HIVencephalopathy and 1 cytomegalovirus encephalitis). Table 2 shows neurometabolite levels across groups. HIVinfected children had higher levels of Cho:Cre in WM (P value ¼ 0.045) and a trend toward higher Cho:Cre levels in GM (P value ¼ 0.080) as compared to controls. No differences were found in NAA:Cre, Glu:Cre and mI:Cre levels. To evaluate a potential distinction between metabolites associated with neuronal integrity (NAA and Glu) and those associated with glial proliferation (mI and Cho), we assessed associations between the different types of neurometabolites (Table 3) . For all individual neurometabolites, GM levels correlated strongly with WM levels (P values <0.001). Neuronal metabolites NAA:Cre and Glu:Cre were associated within GM and WM (P values <0.001) and between WM and GM (P values <0.001). Glial metabolites mI:Cre and Cho:Cre were associated within WM only (P value <0.001). Furthermore, we detected several associations between WM glial metabolites and neuronal metabolites in both GM and WM. WM mI:Cre and Cho:Cre were associated with NAA:Cre in both WM (P values ¼ 0.012 and 0.021, respectively) and in GM (P values ¼ 0.038 and 0.032, respectively). WM mI:Cre was also 
Neurometabolite Levels
8) - - Duration VL detectable (y) 2.6 (1.5-6.4) - - CD4 þ T-cell count (Â10 6 /L) 695 (580-1030) - - CD4 þ T-cell Z-score À0.11 (À0.28-0.16) - - Nadir CD4 þ T-cell Z-score À0.75 (À1.56À À0.44) - - Duration CD4 þ T-cell count <500 Â 10 6 /L (mo) 2.8 (0-18.3) - -
Associations With HIV Parameters
In multivariable regression analyses (Table 4) , lower nadir CD4þ Z-scores were associated with lower neuronal markers NAA:Cre and Glu:Cre in GM, and lower NAA:Cre in WM, whereas CDC stage C was associated with higher glial markers mI:Cre (P value ¼ 0.009) and Cho:Cre in GM (P value ¼ 0.017). An association was also found between longer duration of CD4 Tcell count <500 Â 10 6 /L and lower GM mI:Cre (P value ¼ 0.004). Neurometabolites were not associated with lifetime years with or without cART, nor with HIV VL or CD4þ Z-scores at time of inclusion (P values >0.20; data not shown).
Associations With Cognitive Functioning
Results of the linear regression analysis evaluating associations between neurometabolites and cognitive functioning are shown in Table 5 . In HIV-infected children, higher Cho:Cre levels in both GM and WM were associated with poorer attention/ working memory (P values ¼ 0.035 and 0.003, respectively) and poorer executive functioning (P values ¼ 0.012 and 0.027, respectively). GM Cho:Cre levels were also associated with poorer memory (P value ¼ 0.047). In healthy children, higher WM levels of NAA:Cre and Glu:Cre were associated with better performance on executive functioning (P values ¼ 0.042 and 0.008, respectively). Furthermore, higher Glu:Cre in GM was associated with better executive functioning (P value ¼ 0.006), and in WM with better performance on information processing speed (P value ¼ 0.013). Higher GM mI:Cre was associated with poorer visual-motor function (P value ¼ 0.039).
Associations With Neuronal Damage Markers
Serum NfL levels did not differ between HIVinfected children and controls (HIV-infected: median ¼ 7.0 [IQR ¼ 4.8-13.0]; controls: median ¼ 6.6 [IQR ¼ 4.3-13.0]; P value ¼ 0.57). We obtained CSF from 22 HIV-infected children (85%). Children who underwent LP had a lower plasma HIV VL at study inclusion than those who did not undergo LP (LP: plasma HIV VL ¼ 3.20 log copies/mL; no LP: plasma HIV VL ¼ 6.88 log copies/mL; P value ¼ 0.016), but these groups did not differ in neurometabolite levels or other demographic, clinical or HIV-related characteristics (data not shown). As we only acquired CSF samples from HIV-infected children, no group differences of CSF neuronal damage markers were analyzed. Cerebral metabolite levels were not associated with neuronal damage markers in serum or CSF (Table 6) .
DISCUSSION
This study evaluated the potential of MRS to detect HIVrelated brain injury in children. We found that HIV-infected children had similar levels of neuronal integrity marker levels NAA:Cre and Glu:Cre, and glial marker mI:Cre, and increased levels of glial marker Cho:Cre as compared to matched healthy controls. Reduced neuronal integrity marker and increased glial marker levels were associated with a more severe disease history as assessed by nadir CD4þ Z-score and CDC stage. Furthermore, increased neuronal integrity markers were associated with better cognitive functioning in healthy controls, whereas increased Cho:Cre levels were associated with poorer cognitive functioning in HIV-infected children.
Higher levels of Cho and mI have previously been described in HIV-infected children that were stable on cART. 27 As Cho levels mainly reflect cell membrane turnover, increased Cho:Cre levels together with normal neuronal marker levels may indicate increased glial cell density. Elevations in Cho:Cre have been found in HIV-infected children with severe HIVassociated cognitive impairment, 8 but findings in children without encephalopathy have been less consistent. Elevated Cho levels in HIV-infected children suggest that glial proliferation may play a role in HIV-related cerebral injury, despite clinical stability. This glial proliferation is possibly due to glial activation in response to ongoing neuroinflammation, but the role of lifelong cART use still needs to be elucidated.
We could not detect differences in NAA:Cre levels between HIV-infected children and controls, suggesting that neuronal integrity was not strongly affected in our group of perinatally HIV-infected children that were stable on cART. Indeed, NAA:Cre levels have consistently been reported to be normal in HIV-infected children without encephalopathy, 3, 9, 10 whereas children with encephalopathy show decreased NAA:Cre levels. 7, 8 Our study could not replicate the latter finding, likely due to the small number of children with a historical diagnosis of HIV encephalopathy.
Glu mediates most of the excitatory neurotransmission in the CNS and is considered a potent indicator of neuronal integrity. 28 The Glu peak in metabolite spectra can only accurately be distinguished from glutamine since the introduction of 3T MRI scanners, therefore reports evaluating cerebral Glu levels are scarce. Studies in HIV-infected adults detected elevated Glu:Cre before treatment initiation, followed by normalized or even decreased levels after cART initiation. 29, 30 In this study we report on comparable Glu:Cre levels between perinatally HIV-infected children stable on cART and healthy children for the first time. Elevated Glu:Cre levels might be a reflection of disturbed glutamate re-uptake by activated glial cells, leading to overstimulation of neuronal N-methyl-D-aspartate receptors. 31 The resulting neuronal apoptosis may subsequently reduce Glu:Cre levels. Even though Glu has been proposed as an early marker for brain injury, 29 the exact role of Glu in HIV-related cerebral injury remains to be elucidated.
No differences were found in mI:Cre levels between cases and controls. MI is a key messenger involved in cellular signal transduction and is mainly used as a glial marker. Increased levels of mI:Cre have been related to increased gliosis resulting from chronic inflammation. 4 However, mI is not confined to glial cells and is also detected in neuronal cell lines. 32 This could be the reason that we detected unaltered mI:Cre levels in HIV-infected children, despite increased glial proliferation as suggested by increased Cho:Cre levels.
The correlation patterns between metabolites with HIVrelated parameters and cognitive functioning show a limited distinction between neuronal and glial metabolites. Indeed, NAA:Cre and Glu:Cre show distinct correlation patterns as compared to mI:Cre and Cho:Cre. Moreover, we found significant correlations between metabolites within these 2 subsets of markers, consistent with a previous study in adults. 16 However, some correlations were also found between subsets, reflecting the close relation between different neurometabolites, and the difficulty of distinguishing the exact underlying (patho)physiological mechanisms.
Reduced levels of neuronal markers NAA:Cre and Glu:Cre were associated with lower nadir CD4 Z-scores, and a CDC-C diagnosis was associated with higher levels of glial markers mI:Cre and Cho:Cre. Both nadir CD4þ Z-score and CDC stage are variables that indicate disease severity before cART, indicating that accrued cerebral damage as a result of severe HIV disease may be persistently detected in perinatally HIV-infected children even after years on potent cART. 33 Previously, lower mI levels were reported in HIV-infected children that had started treatment early as compared to those that started treatment at an older age, 3 but our study did not replicate this specific association between mI:Cre and age at cART initiation. No associations were found between metabolite levels and HIV disease and treatment characteristics at study inclusion, in line with previous evidence. 7, 8, 13 In our cohort of HIV-infected children, higher WM Cho:Cre levels correlated with poorer results in 3 cognitive domains (i.e. attention/working memory, memory and executive functioning), suggesting that increased glial activation in both GM and WM may contribute to poorer cognitive functioning. 34 Glial cells regulate the neuronal environment, and can greatly affect neuronal activity. 35 In HIV-infected patients, glial cells release inflammatory cytokines and chemokines, factors that often show stronger associations with cognitive performance than disease severity markers. 36, 37 In agreement with this association between Cho:Cre and cognition, a previous study in our cohort detected increased WM diffusivity in HIV-infected children, which was associated with poorer working memory, 19 and might also be due to increased glial activation. In healthy participants, poorer performance on processing speed and executive functioning were related to lower NAA:Cre and Glu:Cre levels NAA enhances neuronal mitochondrial energy production from Glu, making it a marker for neuronal health. 38 Glu is an excitatroy neurotransmitter. Therefore, lower levels of Results of the linear regression analysis evaluating associations between neuronal metabolites N-acetylaspartate and glutamate, and glial metabolites myo-inositol and choline. Analyses were adjusted for age and HIV status and results are displayed as coefficient (P-value).
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both NAA:Cre and Glu:Cre indicate a poorer neuronal signal transduction, which could lead to poorer cognitive functioning. In our study, these associations were more pronounced in healthy participants and may therefore not be useful to specifically detect HIV-related brain injury. Notably, associations between cognition and neuronal integrity markers were found almost exclusively in healthy participants, whereas associations between cognition and glial markers were mainly found in HIVinfected participants. This suggests that HIV-induced glial proliferation may negatively impact cognitive functioning even when neuronal integrity is not affected. This is consistent with the findings of normal NAA:Cre and Glu:Cre levels in the HIVinfected group despite poorer cognitive functioning, as well as the lack of associations between metabolite levels and neuronal damage markers. The neurodegeneration markers examined in this study (i.e. CSF and serum NfL, CSF NfH and tTau) did not correlate with any neurometabolite levels in HIV-infected children. Serum NfL has not been previously associated with neuronal injury in the HIV-infected population, but elevations have been observed in other neurological diseases. 23 Neurodegeneration markers in CSF have previously been associated with neurocognitive impairment in adult HIV infection. [39] [40] [41] NfL, an axonal damage marker, was suggested to be the most sensitive indicator of HIV-related neuroinflammation and a predictor for neurologic disease progression. 15 Previous MRS studies in HIV-infected adults reported correlations between elevated NfL and decreased NAA:Cre and Glu:Cre. 16, 17 However, these studies included patients with acute or primary HIV-infections, whose metabolite levels differ from those in chronically HIVinfected patients. 42 The lack of associations between metabolites and CSF NfL could also be explained by the significantly lower plasma HIV VL at study inclusion in children who underwent LP, which resulted in CSF data of a subgroup of HIV-infected children with potentially milder disease. Additionally, serum NfL levels were not elevated in HIVinfected children as compared to healthy controls, which may explain the lack of association with MRS cerebral metabolites. Our results imply that MRS is a more sensitive tool to detect early pediatric HIV-induced neuropathology.
To our knowledge, this is the first study that reports on cerebral metabolites in areas encompassing the whole GM and WM separately in an HIV-infected population. Using 2D CSI MRS on a 3T MRI scanner enabled us to reliably measure metabolite levels over large VOIs. However, a downside of assessing larger areas is the risk of masking regional variations. As several neurometabolites have been reported to vary across regions, 43 future studies should include both small and large regions to control for regional differences. Another limitation of our study is that we did not include deep GM in our slice. Deep GM plays an important role in HIV-related cerebral injury. 34 However, this area is susceptible to artifacts (e.g. iron accumulation), impeding the acquirement of reliable metabolite spectra. Also, even though our study is among the larger MRS studies in HIV-infected children, our small sample size may have resulted in fewer detectable correlations. Moreover, we attempted to match study participants group wise, but due to the selection criteria for MRS, groups were not matched for parental education level, country of birth, age arrived in the Netherlands, adoption, and language variables. Finally, this is a cross-sectional study and therefore illustrating metabolite changes over time was impossible.
In conclusion, our cohort of perinatally HIV-infected children showed unaltered NAA:Cre, Glu:Cre, and mI:Cre levels, and increased levels of Cho:Cre as compared to healthy controls. Metabolite levels were associated with higher severity of HIV disease before cART initiation. Increased Cho:Cre levels-but not neuronal metabolite alterations-were associated with poorer cognitive functioning in HIV-infected children, implying ongoing glial proliferation despite effective virological suppression with cART. These findings suggest that Cho:Cre as measured by MRS could serve as a potential marker for assessing HIV-related cerebral injury in the pediatric population. Larger longitudinal studies are necessary to substantiate these findings and to better understand the underlying pathophysiology. This could lead towards earlier detection of pediatric HIV-related neuropathology and contribute to improvement of treatment strategies for perinatally HIVinfected children as they survive into adulthood. 
